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Background: To reduce the radiation exposure from chest computed tomography (CT), ultralow-dose 
CT (ULDCT) protocols performed at sub-millisievert levels were previously tested for the evaluation of 
pulmonary nodules (PNs). The purpose of our study was to investigate the effect of ULDCT and iterative 
image reconstruction on volumetric measurements of solid PNs.
Methods: CT datasets of an anthropomorphic chest phantom containing solid microspheres were 
obtained with a third-generation dual-source CT at standard dose, 1/8th, 1/20th and 1/70th of standard 
dose [CT volume dose index (CTDIvol): 0.03–2.03 mGy]. Semi-automated volumetric measurements 
were performed on CT datasets reconstructed with filtered back projection (FBP) and advanced modelled 
iterative reconstruction (ADMIRE), at strength level 3 and 5. Absolute percentage error (APE) evaluated 
measurement accuracy related to the effective volume. Scan repetition differences were evaluated using 
Bland-Altman analysis. Two-way analysis of variance (ANOVA) assessed influence of different scan 
parameters on APE. Proportional differences (PDs) tested the effect of dose settings and reconstruction 
algorithms on volumetric measurements, as compared to the standard protocol (standard dose-FBP). 
Results: Bland-Altman analysis revealed small mean interscan differences of APE with narrow limits of 
agreement (–0.1%±4.3% to –0.3%±3.8%). Dose settings (P<0.001), reconstruction algorithms (P<0.001), 
nodule diameters (P<0.001) and nodule density (P=0.011) had statistically significant influence on APE. 
Post-hoc Bonferroni tests showed slightly higher APE when scanning with 1/70th of standard dose [mean 
difference: 3.4%, 95% confidence interval (CI): 2.5–4.3%; P<0.001], and for image reconstruction with 
ADMIRE5 (mean difference: 1.8%, 95% CI: 1.0–2.5%; P<0.001). No significant differences for scanning 
with 1/20th of standard dose (P=0.42), and image reconstruction with ADMIRE3 (P=0.19) were found. 
Scanning with 1/70th of standard dose and image reconstruction with FBP showed the widest range of PDs 
(–16.8% to 23.4%) compared to standard dose-FBP. 
Conclusions: Our phantom study showed no significant difference between nodule volume measurements 
on standard dose CT (CTDIvol: 2 mGy) and ULDCT with 1/20th of standard dose (CTDIvol: 0.10 mGy).
Keywords: Image reconstruction; multidetector computed tomography (multidetector CT); solitary pulmonary 
nodule (solitary PN)
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Introduction 
Multidetector chest computed tomography (CT) scanning 
represents a cornerstone for the detection of small pulmonary 
nodules (PNs) (1-3). The likelihood of malignancy in a PN 
correlates with its size and growth rate, as the vast majority of 
PNs represent benign lesions (4,5). Caliper measurement of 
nodule diameter is currently the most widely used approach 
to assess size and growth during follow-up (5-7). However, 
volumetric measurements provide superior reproducibility 
compared to caliper measurements and may allow a more 
precise calculation of volume doubling time (VDT) as the 
evaluation of PNs on a three-dimensional basis may reflect 
the morphology more precisely (6,8,9). Recently, volume 
measurements have been included by several guidelines for 
PN management strategies (10-13). 
The greatest drawback of CT is related to the increasing 
risk of developing cancer because of radiation exposure (14), 
which could be particularly relevant in patients undergoing 
repeated scanning during follow-up of PN. Different 
methods to decrease radiation burden have been established, 
including extreme reduction of tube current and scanning 
with reduced tube voltage, both leading to ultralow-dose 
CT (ULDCT) (15-18). Iterative reconstruction algorithms 
received much attention in the effort to reduce radiation 
dose while maintaining image quality, because of their 
ability to provide similar noise levels at lower radiation 
doses, compared to standard examinations with filtered back 
projection (FBP) (16,17,19-22). Second generation iterative 
reconstruction algorithms offer a higher resolution at organ 
borders, and improved delineation of edges and therefore 
are beneficial for PN detection on ULDCT (16,17,23). In 
ULDCT of the chest with radiation doses comparable to 
chest radiographs and image reconstruction with advanced 
modelled iterative reconstruction (ADMIRE), sensitivity 
for detection of solid PN remains high (17). However, the 
effect of ULDCT protocols and image reconstruction with 
ADMIRE on reproducibility of volumetric measurements 
represents the major factor to be tested before the 
implementation of such scanning protocols in daily clinical 
practice. The objective of our study was to investigate whether 
ULDCT scanning protocols and ADMIRE algorithm have an 
influence on volumetric assessment of solid PN. 
Methods
Anthropomorphic chest phantom 
CT scans of a custom-made anthropomorphic chest phantom 
(serial number QSA-452; Quality Assurance in Radiology 
and Medicine, Moehrendorf, Germany) were obtained at 
different radiation doses (17,23). The phantom represents the 
chest of an adult male (with a lateral diameter of 30 cm and 
an anteroposterior diameter of 20 cm). Cork granulate was 
used to represent normal lung parenchyma and interstitium 
with an attenuation of approximately—850 Hounsfield units 
(HU) at 120 kVp. Resin, calcium carbonate, magnesium 
oxide and hydroxyapatite were used to simulate soft tissue, 
lung-, and bone-equivalent structures. The phantom contains 
15 microspheres acting as solid PN with diameters ranging 
from 4 to 10 mm (attenuation of 20–80 HU at 120 kVp) as 
shown in Table 1. 
CT scanning protocol 
All CT datasets were acquired by using single-energy 
scanning protocol on a third-generation dual-source CT 
(SOMATOM® Force; Siemens Healthineers, Forchheim, 
Germany) equipped with an integrated high-resolution 
circuit detector (Stellar detector; Siemens Healthineers). 
Standard chest CT was performed at 120 kVp with 100 
reference mAs using time current modulation (CareDose4D; 
Siemens Healthineers, Forchheim, Germany). Subsequent 
low-dose image acquisition was performed at a tube 
voltage of 100 kVp using tin filtration. For low- dose scans, 
tube current–time modulation was not applied to obtain 
three different radiation dose levels [CT volume dose 
index (CTDIvol): 1/8th, 1/20th and 1/70th of the standard 
dose scan] as previously described (17) (Table 2). Further 
acquisition parameters for all scans were as follows: detector 
collimation, 192 mm × 0.6 mm; slice width, 1.5 mm; gantry 
rotation time, 0.25 s; pitch, 1.2; field of view, 350 mm; matrix 
size, 512 pixels × 512 pixels. Scans included the entire 
phantom with a constant scan length of 20 cm in z-axis. 
The phantom was scanned once with each dose setting. CT 
scans with all dose settings were obtained sequentially on 
the same day without changing the position of the phantom 
or the nodules within. The phantom was scanned with the 
same protocol (Table 2) on three different days, afterwards 
called day 1, day 2 and day 3. On day 3, the phantom was 
scanned in prone position.
Data reconstruction
Acquired CT scans were reconstructed with two 
reconstruction algorithms, namely FBP and ADMIRE 
(Siemens Healthineers, Forchheim, Germany), the latter at 
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strength levels 3 and 5 as previously described (17). Figure 1 
shows representative images of a solid nodule (10 mm) 
obtained with different dose levels and different image 
reconstruction algorithms.
Images were reconstructed with the fol lowing 
parameters: slice thickness, 1.5 mm; increment, 1 mm; 
kernel, sharp tissue convolution kernel (B64 for FBP and 
I64 for ADMIRE). 
Semi-automated nodule volumetry
One observer (G. M.) performed semi-automated 
volumetric measurements using a commercially available 
software package (MM Oncology, syngo.via, Siemens 
Healthineers, Forchheim, Germany) in datasets with 
different combinations of dose settings and image 
reconstruction algorithms of day 1, day 2, and day 3. 
Additional two observers (D. S. and T. N.) performed semi-
automated volumetric measurements in all scans of day 
1. Observers had to place a seed point on the nodule to 
initiate semi-automatic nodule segmentation. Subsequently 
observers could evaluate segmentation and adjust the volume 
manually. No observer had a priori knowledge of phantom 
nodule sizes.
Statistical analysis
Lin’s concordance correlation coefficient (LCCC) tested 
interobserver reproducibility between two observers, 
comparing volumetric measurements performed by 
observer 1, observer 2, and observer 3 on scans of day 1. 
LCCC also tested interscan reproducibility of volume 
measurements of observer 1 on scans of day 1, day 2, and 
day 3. LCCC assesses how close measurements are about 
the line of best fit and how far that line is from the 45° 
line through the origin (24). According to the thresholds 
proposed by McBride, values >0.99 are defined as excellent 
agreement (25). Bland-Altman analysis was applied to 
evaluate differences of absolute percentage errors (APE) of 
scans on day 1, day 2, and day 3.
As we found excellent interobserver agreement, further 
analyses were performed only with measurements of 
observer 1. 
To compare accuracy of volumetric measurements 
Table 1 Nodule characteristics
Nodule characteristics
Nodule diameter (mm)
Total
4 6 8 10
HU
20 2 1 1 1 5
50 1 1 1 1 4
80 1 2 1 2 6
Total 4 4 3 4 15
HU, Hounsfield unit.
Table 2 Scan protocol
Dose settings
Scanning protocol Day 1 Day 2 Day 3
kVp mAs ref mAs eff CTDIvol (mGy) mAs eff CTDIvol (mGy) mAs eff CTDIvol (mGy)
Standard 120 100 36 2.03 29 1.99 30 2.03
1/8 100 Sn – 75 0.26 75 0.26 75 0.26
1/20 100 Sn – 30 0.10 30 0.10 30 0.10
1/70 100 Sn – 10 0.03 10 0.03 10 0.03
Standard dose scans were performed, applying tube current modulation. Low- and ultralow-dose scans were performed without tube 
current modulation. There, the effective tube-current time product was adjusted in order to achieve 1/8, 1/20 and 1/70 of CTDIvol of our 
standard dose scan. CTDIvol, computed tomography dose index; eff, effective; ref, reference; Sn, tin filtration.
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between reconstruction protocols we calculated the APE 
of measurements. Measured nodule volume (Vm) and 
calculated nodule volume (Vc) were used to calculate 
percentage errors. Vc was given by the constructional 
drawing. APE was calculated as 100 × (|(Vm – Vc)/Vc|) to 
indicate error margin and accuracy of nodule volumetry. 
To assess differences of reconstruction algorithms 
in comparison to our standard protocol (standard 
dose; image reconstruction with FBP, afterwards called 
SD-FBP) we applied the proportional difference (PD) 
metric described by Bland and Altman (26). The PD metric 
was previously recommended for the comparison of PN 
volume with different reconstruction techniques (27). This 
metric describes the PD of each nodule volume at each 
reconstruction protocol (Vprot) in comparison to the volume 
of the same nodule measured at SD-FBP on the same scan 
(VSD-FBP) and is calculated as follows: 100 × (Vprot – VSD-FBP)/
(Vprot + VSD-FBP). 
APE and PD are expressed as means ± standard 
deviation. One-way analysis of variance (ANOVA) was 
applied to assess differences of APE between scans of day 
1–day 3. To assess the influence of dose settings and image 
reconstruction algorithms on APE we performed a two-
way ANOVA to compensate for the influence of co-variates 
(nodule diameters, nodule density, scan acquisition day). 
Afterwards post-hoc Bonferonni test was applied. Mean 
differences assessed with post-hoc Bonferroni tests are 
expressed as mean and 95% confidence interval (95% CI).
P<0.05 was considered statistically significant. Statistical 
analyses were conducted using commercially available 
Figure 1 Representative images of a solid nodule (10 mm) obtained with different dose levels (standard dose, CTDIvol: 2.03 mGy; 1/20th 
of standard dose, CTDIvol: 0.10 mGy; 1/70th of standard dose, CTDIvol: 0.03 mGy) and different image reconstruction algorithms (FBP, 
ADMIRE at strength level 3, ADMIRE at strength level 5). CTDIvol, computed tomography volume dose index; ADMIRE, advanced 
modelled iterative reconstruction; FBP, filtered back projection.
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software (IBM SPSS®, version 25.0, IBM Corp, Armonk, 
NY, USA). 
Results
Interobserver and interscan variability
Semi-automatic volumetric measurements were successfully 
performed for every nodule at each radiation dose setting 
and reconstruction algorithm by all observers, resulting in 
540 measurements of observer 1 and 180 measurements of 
observer 2 and 3, respectively. 
Interobserver agreement was excellent between observer 
1 and 2 (LCCC: 1.0, 95% CI: 1.00–1.00), between observer 
1 and 3 (LCCC: 1.0, 95% CI: 1.00–1.00) and between 
observer 2 and 3 (LCCC: 1.0, 95% CI: 1.00–1.00).
Assessment of interscan reproducibility of observer 1 
showed excellent agreement of measurements between 
scans on day 1 and day 2, (LCCC: 1.0, 95% CI: 0.99–1.00) 
between scans on day 1 and day 3 (LCCC: 1.0, 95% CI: 
1.00–1.00) and between scans on day 2 and day 3 (LCCC: 
1.0, 95% CI: 0.99–1.00).
Bland-Altman analysis revealed small mean differences 
of APE with narrow limits of agreement between 
measurements of day 1 and day 2 (mean difference: 
–0.1%±4.3%), day 1 and day 3 (–0.3%±3.8%), as well as day 
2 and day 3 (–0.2%±4.2%).
Nodule volume and measurement accuracy
Mean nodule volumes according to nodule diameter, 
reconstruction algorithms and dose settings are displayed in 
Table 3. 
APEs were comparable between scans. Mean APE was 
6.0%±4.2% for scans on day 1, 6.1%±4.3% for scans on day 
2 and 6.3%±3.9% for scans on day 3. One-way ANOVA did 
not show a significant difference of APE between scans of 
day 1, day 2, and day 3 with P=0.76.
When comparing APE between reconstruction protocols 
Table 3 Nodule volume measurements: mean nodule volume and APE
Nodule diameter 
(volume)
Dose setting
Reconstruction algorithm
FBP, mm3 (%) ADMIRE3, mm3 (%) ADMIRE5, mm3 (%)
4 mm (33.5 mm3) Standard dose 35±1 (3.5) 31±1 (6.3) 29±1 (12.7)
1/8 dose 35±2 (4.5) 33±1 (4.0) 32±1 (6.5)
1/20 dose 34±3 (6.2) 33±2 (6.5) 31±2 (7.7)
1/70 dose 37±4 (11.7) 33±3 (7.0) 32±4 (9.0)
6 mm (113.1 mm3) Standard dose 109±2 (3.8) 105±2 (7.0) 103±1 (8.9)
1/8 dose 105±2 (7.2) 106±2 (6.6) 105±2 (7.3)
1/20 dose 104±3 (7.8) 103±2 (8.6) 103±3 (9.1)
1/70 dose 97±4 (14.5) 98±3 (13.4) 101±4 (10.9)
8 mm (268.1 mm3) Standard dose 268±3 (0.7) 264±6 (2.5) 258±3 (3.8)
1/8 dose 265±5 (1.8) 263±5 (2.5) 259±4 (3.5)
1/20 dose 267±5 (1.4) 261±3 (2.6) 258±4 (3.6)
1/70 dose 258±7 (4.0) 253±6 (5.6) 250±7 (6.7)
10 mm (523.6 mm3) Standard dose 511±8 (2.6) 503±7 (4.0) 499±6 (4.7)
1/8 dose 506±6 (3.4) 502±7 (4.2) 498±6 (4.9)
1/20 dose 504±7 (3.8) 499±7 (4.8) 495±7 (5.5)
1/70 dose 494±6 (5.7) 489±6 (6.6) 490±6 (6.4)
Mean volume (mm3) and mean absolute percentage error (in brackets) are shown for each combination of nodule diameter, phantom size, 
reconstruction algorithm and dose setting. APE, absolute percentage error; ADMIRE, advanced modeled iterative reconstruction; FBP, 
filtered back projection.
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including all size of nodules, Figure 2 shows that mean 
APE was lowest for standard dose scans with image 
reconstruction with FBP (2.8%±2.2%) and highest for 
ULDCT with 1/70th of standard dose scans and image 
reconstruction with FBP with 9.3%±6.7%. 
Effects of nodule characteristics and CT parameters on 
APE
Dose settings (P<0.001), image reconstruction algorithms 
(P<0.001), nodule diameters (P<0.001) and nodule densities 
(P=0.011) had statistically significant influence on APE, 
whereas measurement differences between scans of day 1–3 had 
no significant influence (P=0.430). Post-hoc Bonferroni 
test showed that only ULDCT with 1/70th of standard 
dose had a significant effect on APE with an estimated 
mean difference of 3.4% with a 95% CI of 2.5–4.3% 
(P<0.001) compared to scanning with standard dose. 
There was no significant difference of scanning with 1/8th 
(estimated mean difference: –0.4%; 95% CI: –1.3% to 
0.5%; P=1.000) and 1/20th (estimated mean difference: 
0.6%; 95% CI: –0.3% to 1.5%; P=0.420) of standard dose 
compared to scanning with standard dose. Furthermore, 
post-hoc Bonferroni test showed a significant higher APE 
when ADMIRE at strength level 5 was applied (estimated 
mean difference: 1.8%; 95% CI: 1.0–2.5%; P<0.001). No 
significant difference of APE was found between FBP and 
ADMIRE at strength level 3 (estimated mean difference: 
0.6%; 95% CI: –0.2% to 1.5%; P=0.190).
Comparison of PDs between protocols
Comparison of PDs of each combination of dose setting 
and image reconstruction algorithm with SD-FBP showed 
a tendency of underestimation of nodule volumes, notably 
in 4 mm nodules, when scanning with low-dose and by 
applying ADMIRE (Figure 3, Table 4).
Range of PDs was higher in ULDCT with 1/70th of 
standard dose. Widest range of PDs (in comparison to 
SD-FBP) was found for scanning with 1/70th of standard 
dose and image reconstruction with FBP with 40.2% (range, 
–16.8% to 23.4%; Figure 3).
Furthermore, the ranges of PDs of each protocol were 
highest for 4 mm nodules (coloured in blue in Figure 3). 
In comparison to SD-FBP, maximum volume over- and 
underestimations for 4 mm nodules were –29.5% (ULDCT 
with 1/70th of standard dose and ADMIRE at strength 
level 5) and 23.4% (ULDCT with 1/70th of standard dose 
and FBP), respectively. For nodules ≥6 mm, maximum 
volume over- and underestimations were –16.8% (ULDCT 
at 1/70th of standard dose and FBP) and 3.3% (standard 
dose and ADMIRE at strength level 3), respectively. Mean 
PD and range of PDs of nodule volumes according to 
nodule diameter for each set of dose setting and image 
Figure 2 Mean APE (± standard deviation) for each combination of reconstruction algorithms and dose settings. Lowest mean APE was 
found for our standard protocol (standard dose scan; image reconstruction with FBP). APE, absolute percentage error; FBP, filtered back 
projection; ADMIRE, advanced modelled iterative reconstruction.
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reconstruction algorithm in comparison to SD-FBP are 
shown in Table 4.
Discussion
Our phantom study showed that there are no significant 
differences of nodule volume measurements on ULDCT 
with 1/20th of standard dose (CTDIvol: 0.1 mGy) compared 
to volume measurements on standard dose protocols 
(CTDIvol: 2.0 mGy). ULDCT at 1/70th of standard dose 
and image reconstruction with ADMIRE at strength 
level 5 led to slightly but statistically significant reduced 
measurement accuracy.
PN size and growth rate are the main predictors 
of malignancy (4,7,11,28). Recommendations for PN 
management focus on follow-up CTs for nodules at 
intermediate risk (4,10,11,29). Several lung cancer 
screening trials incorporated PN volume assessment within 
their protocols (12,13,30). Furthermore, the most recent 
guidelines of the British Thoracic Society (BTS) and 
the Fleischner Society for the management of PNs also 
recognized the role of volumetry to aid nodule measurement 
and management (10,11). For follow-up of PN and VDT 
assessment, it is crucial to preserve comparability of volume 
measurements as the influence of dose settings and image 
reconstruction technique may influence patient treatment. 
The high intrinsic contrast between air and pulmonary 
structures is beneficial for radiation dose reduction in chest 
CT. Several studies concluded that nodule measurement 
accuracy is not affected by substantial reduction of 
radiation dose (6,31,32). Previously it was reported that 
PN volumetry can be accurately performed in vivo at a 
CTDIvol down to 1.0 mGy (33). However, excessive dose 
reduction may degrade nodule boundary definition and 
therefore affect performance of PN volumetry. Iterative 
image reconstruction may affect nodule volumetry due 
to changes in nodule density and nodule texture (34). For 
solid nodules, den Harder et al. showed no significant 
differences between in vivo volumetric measurements 
for FBP and iterative reconstruction (IR), although IR 
resulted in smaller volume measurements with a maximum 
difference of –11% compared to FBP (33). Doo et al. 
showed slightly more accurate volumetric measurements 
of solid nodules in a phantom model for FBP datasets as 
compared to IR; however, this difference did not reach 
statistical significance (34). Our findings suggest that 
volumetry of PN could be performed at dose levels down 
to 0.10 mGy without significant reduction of measurement 
accuracy. Thus, volume measurements of standard dose 
chest CTs and ULDCTs may be comparable in follow-
up examinations, as only the ULDCT scans with 1/70th 
of standard dose significantly increased APE. The slightly 
4 mm
6 mm
8 mm
10 mm
Diameter
Proportional differences
−30         −20         −10            0            10            20           30
1/70th standard dose; ADMIRE5
1/70th standard dose; ADMIRE3 
1/70th standard dose; FBP
1/20th standard dose; ADMIRE5
1/20th standard dose; ADMIRE3
1/20th standard dose; FBP
1/8th standard dose; ADMIRE5
1/8th standard dose; ADMIRE3
1/8th standard dose; FBP
Standard dose; ADMIRE5
Standard dose; ADMIRE3
Standard dose; FBP
Figure 3 PDs for each combination of reconstruction algorithms and dose settings in comparison to our standard protocol (standard dose, 
FBP) showed a tendency for underestimation of nodule volumes, notably in 4 mm nodules (coloured in blue), when scanning with low-dose 
and by applying iterative image reconstruction. FBP, filtered back projection; ADMIRE, advanced modelled iterative reconstruction; PD, 
proportional difference.
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Table 4 PDs of nodule volume according to nodule diameter for each set of dose setting and image reconstruction algorithm in comparison to 
the standard protocol (standard dose scan, image reconstruction with FBP)
Dose setting
Reconstruction 
algorithm
Nodule diameter 4 mm Nodule diameter 6 mm Nodule diameter 8 mm Nodule diameter 10 mm
Mean
PD (%)
Range PD (%)
Mean
PD (%)
Range PD (%)
Mean
PD (%)
Range PD (%)
Mean
PD (%)
Range PD (%)
Standard 
dose
ADMIRE3 –9.6 –18.8 to –3.0 –3.4 –7.6 to 1.0 –1.3 –3.0 to 3.3 –1.7 –2.7 to –1.0
ADMIRE5 –16.8 –25.8 to –12.1 –5.4 –7.7 to –1.9 –3.7 –4.6 to –3.0 –2.4 –3.8 to –1.6
1/8th 
standard 
dose
FBP –0.1 –5.9 to 5.4 –3.6 –8.4 to 0.9 –0.8 –2.3 to 2.6 –1.1 –3.6 to –0.2
ADMIRE3 –5.5 –9.2 to 0.0 –3.0 –6.5 to 1.8 –1.7 –3.0 to 1.8 –1.9 –4.4 to –1.0
ADMIRE5 –9.1 –17.7 to –2.8 –3.7 –6.5 to 0.9 –3.4 –5.0 to –1.5 –2.7 –5.0 to –1.6
1/20th 
standard 
dose
FBP –1.9 –12.1 to 13.7 –4.3 –9.52 to 2.8 –0.1 –1.9 to 2.6 –1.5 –4.2 to 1.0
ADMIRE3 –6.1 –20.9 to 8.5 –5.2 –8.5 to 0.0 –2.5 –3.4 to –1.1 –2.5 –5.6 to 0.0
ADMIRE5 –10.2 –24.2 to 2.9 –5.7 –11.5 to 0.0 –3.5 –5.0 to –1.5 –3.2 –6.2 to –1.2
1/70th 
standard 
dose
FBP 6.3 –6.1 to 23.4 –11.8 –16.8 to –4.7 –3.6 –7.9 to 0.7 –3.5 –7.0 to –1.6
ADMIRE3 –5.7 –22.2 to 5.7 –10.5 –15.7 to –2.9 –5.6 –8.7 to –2.6 –4.5 –8.6 to –3.0
ADMIRE5 –8.8 –29.5 to 8.5 –7.8 –13.3 to 0.0 –6.7 –10.8 to –3.8 –4.2 –8.8 to –3.0
ADMIRE, advanced modelled iterative reconstruction; FBP, filtered back projection, PD, proportional difference.
reduced measurement accuracy may lead to a wider range of 
PDs of ULDCT with 1/70th of standard dose (0.03 mGy), 
compared to SD-FBP. Previously, it was also shown that 
the sensitivity for the detection of solid PNs remains high 
with ULDCT and iterative image reconstruction down 
to a CTDIvol of 0.1 mGy, whereas lower doses reduced 
the sensitivity for nodule detection (16,17). Interestingly, 
application of ADMIRE led to higher APE in scans with 
standard dose as well as scans with 1/8th and 1/20th of 
standard dose but decreased APE in ULDCT scans with 
1/70th of standard dose. This effect may partly be explained 
by variation of nodule density and nodule texture as well 
as improved delineation of edges using second generation 
iterative reconstruction algorithms compared to image 
reconstruction with FBP (16,17,23,35).
Similar to our study, previous studies reported increasing 
volume measurement error with decreasing nodule size 
(36,37). Notably, volume underestimation is more common 
in smaller nodules (38), and measurement variability 
increases with decreasing nodule diameter (39). In 
comparison to SD-FBP, we found underestimation of nodule 
volume for ultralow-dose scans and image reconstruction 
with ADMIRE. In nodules ≥6 mm we found a maximum 
PD of –16.8% when ultralow-dose scanning was performed. 
That means, when comparing measurements between a 
baseline SD-FBP CT and a follow-up low-dose CT or 
ULDCT with application of ADMIRE, nodule growth may 
be underestimated, and VDT calculation may be affected. 
Additionally, nodule volume underestimation may lead to 
a change of patient management recommendations, for 
example, for nodule volumes near the cut-off of 80 mm3, 
proposed by the BTS for follow-up imaging. In these cases, 
nodule volume underestimation at ULDCT may lead to the 
decision not to perform follow-up imaging, whereas volume 
measurements of the same nodules at SD-FBP may lead to 
the decision to perform follow-up CT (10). 
This study has several limitations. First, we used an 
anthropomorphic chest phantom simulating a male adult 
which contains synthetic nodules. We did not assess 
differences in phantoms with different sizes (to simulate 
differences in body mass index). In addition, influence 
of cardiac motion and breathing could not be simulated. 
However, using an anthropomorphic chest phantom allows 
the standardization of measurements between scans with 
different dose settings without ethical issues of radiation 
exposure to patients. Second, our study includes only 
solid nodules as our software did not allow for volumetric 
assessment of subsolid nodules, which means that we cannot 
generalize our results to subsolid nodules. However, the 
execution of volumetric measurements of subsolid nodules 
is still under investigation (5). Third, our chest phantom 
only includes spheric nodules without complex borders 
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and the phantom does not simulate nodules near the 
mediastinum or with pleural attachment. Fourth, only one 
semi-automated software package for PN volumetry was 
applied and only one CT scanner with its vendor-specific 
reconstruction algorithm was used. Therefore, our results 
may have been different when using different software or a 
different CT scanner as it is known that different software 
packages can yield substantially different results for 
volumetric assessment of PN (40).
Conclusions
Our phantom study showed no significant differences 
of nodule volume measurements between standard dose 
and ULDCT with 1/20th of standard dose (0.10 mGy). 
Volume measurements on ULDCT may therefore be 
comparable with standard dose measurements in follow-
up examinations. Further studies should assess whether our 
results can be confirmed in a human cohort. 
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